GATA-1 is essential for the generation of the erythroid, megakaryocytic, eosinophilic and mast cell lineages. It acts as an activator and repressor of different target genes, for example, in erythroid cells it represses cell proliferation and early hematopoietic genes while activating erythroid genes, yet it is not clear how both of these functions are mediated. Using a biotinylation tagging/ proteomics approach in erythroid cells, we describe distinct GATA-1 interactions with the essential hematopoietic factor Gfi-1b, the repressive MeCP1 complex and the chromatin remodeling ACF/WCRF complex, in addition to the known GATA-1/FOG-1 and GATA-1/TAL-1 complexes. Importantly, we show that FOG-1 mediates GATA-1 interactions with the MeCP1 complex, thus providing an explanation for the overlapping functions of these two factors in erythropoiesis. We also show that subsets of GATA-1 gene targets are bound in vivo by distinct complexes, thus linking specific GATA-1 partners to distinct aspects of its functions. Based on these findings, we suggest a model for the different roles of GATA-1 in erythroid differentiation.
Introduction
Hematopoiesis has served as a model for cellular commitment and differentiation. Hematopoietic stem cells (HSCs) commit to a number of divergent yet narrowly defined lineages, each giving rise to a specific type of blood cell. Lineage commitment involves the upregulation of a particular transcription program with the concomitant suppression of 'multipotentiality' and transcriptional programs specifying alternative lineages (Orkin, 2000) .
GATA-1 is a key regulator of the differentiation of the erythroid, megakaryocytic, eosinophilic and mast cell lineages and is the founding member of the GATA family of zinc-finger factors implicated in the development and differentiation of several cell types. Efforts to understand GATA-1 functions have identified a number of protein interactions with transcription factors, such as TAL-1 (and its associated proteins Ldb1, LMO2 and E2A), EKLF, PU.1 and Sp1 (reviewed by Cantor and Orkin, 2002) . GATA-1 is also reported to interact with chromatin remodeling/modification proteins, including the CBP/p300 histone acetyltransferases (HATs) and the SWI/SNF chromatin remodeling complex (Blobel et al, 1998; Kadam and Emerson, 2003) . Prominent among the GATA-1 interacting partners is FOG-1, originally identified in a yeast two-hybrid screen (Tsang et al, 1997) . A direct interaction between the two factors is required for erythroid differentiation (Crispino et al, 1999) and the GATA-1 and FOG-1 knockout phenotypes are very similar (Tsang et al, 1998) .
GATA-1 functions as both an activator and a repressor. The GATA-1/FOG-1 complex has been shown to repress some genes, such as GATA-2, and activate others, such as b-globin or the EKLF gene (Anguita et al, 2004; Letting et al, 2004; Pal et al, 2004) . GATA-1 has also been linked to the repression of genes with cell proliferation functions, for example, myc and myb (Rylski et al, 2003) , although its protein partners are unknown. The multimeric GATA-1/TAL-1/Ldb1/E2A/LMO2 complex binds to closely spaced GATA and E-box binding motifs and has been associated with the activation of erythroid genes, such as glycophorin A and the a-globin locus (Anguita et al, 2004; Lahlil et al, 2004) . The duality of GATA-1 as an activator and repressor has been reinforced by the recent microarray analysis of terminal erythroid differentiation following induction of GATA-1 expression (Welch et al, 2004) . Despite all this information, important questions remain as to how can GATA-1 accommodate all these functions and interactions at the same time in erythroid cells? In addressing this, we have undertaken a biotinylation taggingproteomics approach to characterize GATA-1 complexes from erythroid cells (de Boer et al, 2003) . We show that GATA-1 forms distinct complexes with hematopoietic transcription factors and chromatin remodeling and modification complexes. Our findings provide an explanation for a number of previous observations regarding GATA-1 functions and protein interactions. In addition, we provide evidence for distinct GATA-1 complexes performing specific functions in erythroid cells, thus providing a new framework for future work on GATA-1 and its parallel functions in erythroid differentiation.
Results
Identification of GATA-1 complexes from erythroid cells by biotinylation tagging and mass spectrometry GATA-1 was tagged by fusing of a small (23 aa) peptide sequence to its N-terminus. This tag is efficiently biotinylated by the bacterial BirA biotin ligase, which is coexpressed in stably transfected mouse erythroleukemic (MEL) cells, allowing a single-step purification of biotinylated GATA-1 using streptavidin beads under mild conditions (de Boer et al, 2003) . Proteins copurified with GATA-1 from MEL cells chemically induced to undergo terminal differentiation were identified by mass spectrometry, classified according to Gene Ontology terms or by BLAST searches and compared to the background (Supplementary Table 1 ). Additional experiments employed more stringent conditions and different nuclear extract preparations from induced MEL cells. We rejected proteins that appeared in the background binding experiments (de Boer et al, 2003) , or proteins that belonged to a subnuclear compartment from which GATA-1 is excluded, for example, the nucleolus (Elefanty et al, 1996) . Streptavidin pull-downs of nuclear extracts under more stringent conditions ( Figure 1A -C) and immunoprecipitations of induced nontransfected MEL nuclear extracts provided further validation ( Figure 1D -G). The identities of proteins confirmed in this way as copurifying with GATA-1 are shown in Table I .
Finding FOG-1, TAL-1 and Ldb1 copurifying with GATA-1 (Tsang et al, 1997; Wadman et al, 1997 ) validated our approach. The Gfi-1b hematopoietic transcription factor was also identified under moderate stringency conditions and verified by immunoprecipitation ( Figure 1D , lane 2) demonstrating an interaction between the two factors. This is in line with the similarities observed in the Gfi-1b and GATA-1 knockout phenotypes, which result in differentiation arrest of the erythroid and megakaryocytic lineages (Pevny et al, 1995; Saleque et al, 2002) . Chromatin remodeling and modification proteins also coeluted with GATA-1 (Table I) including the entire MeCP1 complex (Figure 1 ). MeCP1 consists of the methyl-DNA binding protein MBD2 (Feng and Zhang, 2001) , p66/p68 (Feng et al, 2002) and the multi-subunit Mi-2/ NuRD complex containing the nucleosome stimulated Mi-2b ATPase, the histone deacetylases HDAC1 and HDAC2 and other subunits of unknown function. The Mi2/NuRD and MeCP1 complexes are associated with epigenetic mechanisms of repression during development (Ahringer, 2000) , potentially linking the GATA-1 repressive functions to the MeCP1 complex.
The SNF2h and ACF1 members of mammalian ISWI chromatin remodeling complexes also copurified with GATA-1 (Table I and Figure 1C and G). SNF2h, a homolog of the Drosophila protein ISWI, is the 'signature' ATPase of this class of complexes and participates in three distinct complexes in human cells: RSF, hACF/WCRF and hCHRAC (reviewed by Corona and Tamkun, 2004) . We did not detect by mass spectrometry or immunoprecipitation (not shown) the additional p15 and p17 protein partners present in the hCHRAC complex; hence, GATA-1 appears to interact with SNF2h/ ACF1 in the context of the ACF/WCRF complex (Bochar et al, 2000) . ISWI/SNF2h-containing chromatin remodeling complexes have been associated with gene activation and repression (reviewed by Corona and Tamkun, 2004) . The interaction between SNF2h and GATA-1 may help explain the observation that knocking down SNF2h expression in primary hematopoietic progenitor cells blocked erythroid differentiation (Stopka and Skoultchi, 2003) .
Further validation for the GATA-1 interactions was provided by reverse immunoprecipitations using antibodies against TAL-1, FOG-1 ( Figure 1D ) or MTA2 ( Figure 1F ). TAL-1 antibodies specifically immunoprecipitated GATA-1 and Ldb1 ( Figure 1D ), as previously observed (Osada et al, 1995; Visvader et al, 1997) . LMO2 or E2A were not detected copurifying with GATA-1 from induced MEL cells, but it cannot be excluded that their absence is due to the very low abundance of the GATA-1/TAL-1/Ldb1/E2A/LMO2 complex (Table I ), in agreement with previous reports of a very small fraction of LMO2 being immunoprecipitated by GATA-1 antibodies (Osada et al, 1995) . Interestingly, FOG-1 antibodies immunoprecipitated GATA-1 but not TAL-1, Ldb1 or Gfi-1b ( Figure 1D , lane 4). The converse was also true using TAL-1 antibodies ( Figure 1D, lane 3) . Thus, GATA-1 interactions with TAL-1, FOG-1 and Gfi-1b are non-overlapping and must occur in distinct complexes. GATA-1 was also immunoprecipitated by MTA2 antibodies ( Figure 1F ). By contrast, the Sin3A corepressor, which interacts with HDACs but not in the MeCP1 complex, was not immunoprecipitated by GATA-1 or MTA2 antibodies ( Figure 1E ), further supporting the specificity of the GATA-1 interactions with MeCP1. The participation of GATA-1 in multiple protein interactions is supported by size fractionation experiments of nuclear extracts, which showed that GATA-1 fractionates with a broad profile overlapping the profiles of the partners identified here (Supplementary Figure 1) , also providing evidence for interactions occurring in distinct complexes (e.g., fractionation peaks of MeCP1 versus SNF2h/ACF1).
Other abundant chromatin-associated proteins also copurified with GATA-1 (Table I) , including topoisomerases and Ku autoantigen or ADP ribosyltransferase (PARP). We tested the association of these proteins with DNA and GATA-1 by treating nuclear extracts with DNase I. In contrast to MTA2, there were no topoisomerase I or PARP copurifying with GATA-1 after DNase I treatment (Supplementary Figure 2) . Although it remains formally possible that interactions of GATA-1 with topoisomerase I or PARP are relevant and require DNA, on the basis of our DNase I results and on previous evidence by other groups describing topoisomerases as a common contaminant (Eberharter et al, 2001 ), we did not pursue these further.
GATA-1 forms several distinct complexes
To confirm directly the distinct GATA-1 interactions and to assess how the GATA-1 partners may be partitioned in the GATA-1 complexes, we carried out sequential immunodepletion experiments. First, we used an antibody against one of the GATA-1 partners, that is, FOG-1, TAL-1 or MTA2, in order to immunodeplete from a nuclear extract the fraction of GATA-1 that is in complex with this factor (Figure 2A ). The remaining GATA-1 in the supernatant was subsequently immunoprecipitated with a GATA-1 antibody and both immunoprecipitates were tested for the presence or absence of GATA-1 and interacting proteins (Figure 2A ).
We first established that antibodies against GATA-1, TAL-1, FOG-1 and MTA2 were efficient in immunodepleting most of these proteins from nuclear extracts ( Figure 2B ). As expected, FOG-1 antibodies immunoprecipitated a fraction of GATA-1 ( Figure 2C, lane 2) . Surprisingly, MTA2 was also specifically immunoprecipitated by FOG-1 antibodies ( Figure 2C , lane 2), suggesting an interaction between FOG-1 and the MeCP1 complex. This was confirmed by the reverse immunoprecipitation of FOG-1 by an MTA2 antibody ( Figure 2E ). There was no immunoprecipitation of TAL-1, Gfi-1b or ACF1 by FOG-1 antibodies ( Figure 2C , lane 2). Importantly, MTA2 could no longer be detected in the subsequent immunoprecipitation of the supernatant with GATA-1 antibodies ( Figure 2C, lane 3) . 
IP:
Gfi-1b Thus, the fraction of GATA-1 that is in complex with MTA2 (and MeCP1) was depleted in the first step by the FOG-1 antibodies, leading us to conclude that FOG-1 and GATA-1 interact together in the same complex with MeCP1. Further confirmation was provided by the immunoprecipitation of MeCP1-associated HDAC activity by GATA-1 and FOG-1 antibodies (Supplementary Figure 3) . Following the FOG-1 immunodepletion, GATA-1 antibodies could still immunoprecipitate TAL-1, Gfi-1b and ACF1 ( Figure 3C , lane 3). This confirms that GATA-1 participates in a complex with FOG-1 and MeCP1 that is distinct from that with TAL-1, Gfi-1b or ACF/WCRF. Using TAL-1 antibodies in the first immunodepletion step, a small fraction of GATA-1, but not MTA2 or ACF1, was immunoprecipitated ( Figure 2D , lane 2). We also carried out an MTA2 immunodepletion to determine whether the entire fraction of GATA-1 interacting with FOG-1 does so in the context of the MeCP1 complex. Following the immunodepletion of MTA2 ( Figure 2B ), an appreciable amount of FOG-1 was subsequently immunoprecipitated by GATA-1 antibodies ( Figure 2E , lane 3). Thus, GATA-1 also interacts with FOG-1 independently of the MeCP1 complex. Interestingly, the MTA2 antibody specifically immunoprecipitated the slower migrating of the two bands detected by the FOG-1 antibody, suggesting differential interaction with one of the two FOG-1 isoforms, while GATA-1 can interact with both FOG-1 isoforms ( Figure 2E , lane 3). Taken together, these experiments show that GATA-1 forms at least five complexes: first with FOG-1 and MeCP1, second with FOG-1 alone, third with TAL-1 (and Ldb1 since it can be almost completely immunodepleted by TAL-1 antibodies (not shown)), fourth with Gfi-1b and fifth with ACF/WCRF.
The GATA-1 zinc-fingers mediate differential protein interactions GATA-1 contains two evolutionarily conserved, closely spaced zinc-finger domains. The C-terminal zinc-finger (CZnF) is essential for DNA binding, whereas the N-terminal zinc-finger (N-ZnF) is primarily involved in protein-protein interactions, for example with FOG-1, which contribute to the specificity and stability of DNA binding by C-ZnF (reviewed by Blobel and Weiss, 2001) . Significantly, C-ZnF is essential for all in vivo GATA-1 functions, whereas N-ZnF is required for definitive, but not primitive, erythropoiesis (Shimizu et al, 2001) . We addressed how the GATA-1 zinc-fingers mediated its multiple protein interactions by expressing in MEL cells biotin-tagged mutants lacking N-ZnF or C-ZnF followed by streptavidin pull-downs ( Figure 3A -C). As described (Tsang et al, 1998) , GATA-1 interaction with FOG-1 requires N-ZnF. Interactions of the MeCP1 members MTA2, Mbd2 and HDAC 1 also occur through the N-ZnF of GATA-1 ( Figure 3A) . Interestingly, interactions of GATA-1 with TAL-1 require both zinc-fingers ( Figure 3B ), whereas interactions with SNF2h or Gfi-1b require only C-ZnF ( Figure 3C ). We tested by immunoprecipitation using Gfi-1b antibodies whether Gfi1b and SNF2h were in complex but found no evidence of such an interaction (not shown). Thus, the multiple, distinct interactions of GATA-1 are differentially mediated through its zinc-finger domains.
FOG-1 mediates interactions of GATA-1 with the MeCP1 complex in repressing transcription
We next tested whether FOG-1 mediates interactions between GATA-1 and the MeCP1 complex. GATA-1 was transiently expressed in HeLa cells (which express endogenous MeCP1, but not GATA-1 or FOG-1) with or without FOG-1, followed by immunoprecipitation using FOG-1 or MTA2 antibodies ( Figure 4A and B) . We find that the interaction of GATA-1 with MTA2 occurs only in the presence of FOG-1 ( Figure 4B ), whereas FOG-1 interacts with MTA2 regardless of the presence or absence of GATA-1 ( Figure 4B, upper panel) . Expression of the GATA-1 zinc-finger deletion mutants ( Figure 4B , lower panel) confirmed these observations. We conclude that interaction of GATA-1 with the MeCP1 complex requires interaction with FOG-1, which thus serves as the bridging factor.
We next tested whether the well-known GATA-1-and FOG-1-mediated repression is due to the recruitment of the MeCP1 complex to a GATA-dependent promoter. To this end, we used a reporter plasmid containing the rabbit b-globin minimal promoter (pOVEC-1; Westin et al, 1987) , carrying four copies of an optimal GATA-1 binding sequence, or four copies of a mutated sequence that abolishes GATA-1 binding (Whyatt et al, 1993) . The GATA-binding promoter was activated more than six-fold by cotransfection of GATA-1 alone ( Figure 4C ). As expected, cotransfection of FOG-1 and GATA-1 repressed activation of the GATA-dependent promoter ( Figure 4C ). Chromatin immunoprecipitation (ChIP) showed that repression by GATA-1 and FOG-1 was due to the specific recruitment of the MeCP1 complex. Binding of Mi-2b to the repressed gene was specifically enriched in GATA-1-and FOG-1-transfected cells ( Figure 4D ), but not in cells transfected with GATA-1 only. The promoter bearing the mutated GATA binding sites does not bind MeCP1, even in the presence of FOG-1 ( Figure 4D ). Thus, FOG-1/MeCP1 repression is mediated through GATA-1 binding at its cognate binding sites.
GATA-1, FOG-1, MeCP1 and Gfi-1b are bound to repressed genes in vivo
The results above suggest that GATA-1/FOG-1 interactions can tether MeCP1 to repressed GATA-1 target sequences in vivo. We therefore employed ChIP assays using the GATA-2 locus, which is repressed by GATA-1 in a FOG-1-dependent manner (Grass et al, 2003; Pal et al, 2004) . As seen before, the À2.8 kb region upstream of the GATA-2 promoter was enriched for GATA-1 and FOG-1 binding ( Figure 5A ). The same sequence was also enriched for Mbd2 binding ( Figure 5A ), with similar results obtained with an antibody against Mi-2b (Supplementary Figure 4A) . No binding of TAL-1 or Gfi-1b was observed in the GATA-2 sequences. Interestingly, the À3.4 kb, but not the À4.2 and À2.2 kb flanking sequence used as negative controls for GATA-1 binding, was enriched for FOG-1 and Mbd2 binding ( Figure 5A and Supplementary Figure 4A ), suggesting that the FOG-1/MeCP1 binding at À3.4 kb may reflect a very localized spreading of these proteins over a few nucleosomes to sequences upstream of the À2.8 kb element, or that they were accidentally crosslinked to neighboring DNA. The latter possibility would suggest that the FOG-1/MeCP1 complex is closer to the upstream sequences around the GATA binding sites (see also below). We found no evidence that the binding of the GATA-1/FOG-1/MeCP1 complex to the À2.8 kb region was mediated by DNA methylation (Supplementary Figure 5) ; however, this does not exclude the possibility of highly localized methylation to specific CpG residues elsewhere in the GATA-2 locus. Thus, considering that GATA-1 binding is essential for GATA-2 repression (Pal et al, 2004) , our findings strongly suggest that GATA-1, FOG-1 and MeCP1 form the repressive complex responsible for GATA-2 silencing (see below). Ectopic expression of FOG-1 in eosinophilic cells results in the downregulation of eosinophilic GATA-1 target genes and the reprogramming of these cells toward an earlier, lessdifferentiated cell type that may represent a common progenitor for the erythroid/megakaryocytic and eosinophilic lineages (Querfurth et al, 2000) . We thus reasoned that eosinophilic GATA-1 target genes, like the major basic protein (MBP) (Du et al, 2002) , which is inactive in erythroid cells (Welch et al, 2004) , may be suppressed by the GATA-1/FOG-1/MeCP1 complex. We tested this hypothesis by ChIP in induced MEL cells using as control chromatin from mouse eosinophils where MBP is expressed (Guyot et al, 2004) . As expected, the promoter of the MBP gene was bound by GATA-1 in eosinophils ( Figure 5B ). Importantly, GATA-1 was also bound to the inactive MBP promoter in induced MEL cells ( Figure 5C ). FOG-1 and Mbd2 were also bound to the MBP promoter in MEL cells but not in eosinophils ( Figure 5C ), consistent with the prediction above. Similar results were also obtained with an antibody against Mi-2b (Supplementary Figure 4) . Again, no TAL-1 of Gfi-1b binding was detected in the MBP promoter ( Figure 5C ). Strikingly, in MEL cells, we again found binding of the FOG-1 and MeCP1 complex, but not of GATA-1, to the þ 0.6 kb sequence located close to the MBP promoter but not to other sequences located further upstream (À1.8 kb) or downstream ( þ 1.2kb) of the promoter ( Figure 5C and Supplementary Figure 4B) . This observation is similar to that seen at the GATA-2 À2.8 kb element. We next tested the myc and myb genes, which are downregulated with MEL differentiation (Lachman and Skoultchi, 1984; Chen and Bender, 2001 , and references therein). Repression of the myc and myb genes has been linked to the proliferation arrest that accompanies terminal erythroid differentiation. The myc gene has also been shown to be a GATA-1 target gene in G1E cells (Rylski et al, 2003; Welch et al, 2004) . We found GATA-1 binding to both promoters in induced MEL cells but we could not detect binding of FOG-1 or Mbd2 to the same sequences ( Figure 5D and E) . By contrast, Gfi-1b (absent from all other genes tested) was found binding to both promoters ( Figure 5D and E), suggesting a role for the GATA-1/Gfi-1b complex in the repression of genes associated with cell proliferation. This may explain the observations of rapidly proliferating Gfi-1bÀ/À immature erythroid precursors in colony assays (Saleque et al, 2002) and of Gfi-1b overexpression inducing proliferation arrest and differentiation in erythroid progenitors (Garcon et al, 2005) .
Finally, we also tested the EKLF gene as an example of a gene that is activated during erythropoiesis. The EKLF enhancer sequence contains a GATA-E-box motif (Anderson et al, 1998) , which is bound in vivo by GATA-1 independently of FOG-1 (Letting et al, 2004) . Strong GATA-1 binding and a clear enrichment for TAL-1 binding were indeed detected at the EKLF enhancer ( Figure 5F ), thus providing a clear demonstration for the alternative (activating) GATA-1 complex with TAL-1 binding to a target gene in vivo. This may be related to the low level of HDAC activity associated with the TAL-1 immunoprecipitate (Supplementary Figure 3A) . No significant binding of FOG-1, Mbd2 or Gfi-1b could be detected in the EKLF enhancer sequences ( Figure 5F ).
Our analysis of the GATA-1/ACF/WCRF complex by ChIP, or any other, assays has been hindered by the quality of ACF/ WCRF reagents available to us; hence, it is presently not known whether the GATA-1 and ACF/WCRF complex binds to active or repressed genes.
GATA-1 represses GATA-2 expression through the recruitment of FOG-1 and MeCP1
In order to confirm that GATA-2 repression during erythroid differentiation is specifically due to GATA-1 recruiting FOG-1 and the MeCP1 complex, we took advantage of the GATA-1 null G1E proerythroblastic cell line. These cells are derived from in vitro-differentiated GATA-1 null ES cells and can undergo terminal differentiation only upon restoration of GATA-1 expression . We used two G1E cell lines. The first one expresses wild-type GATA-1 fused to an estrogen receptor (ER) ligand binding domain (GATA-1-ER), which can mediate terminal erythroid differentiation upon induction by estradiol (Tsang et al, 1997) . The second cell line expresses ER fused to a mutant GATA-1 form bearing a single V205M amino-acid substitution in the GATA-1 Nterminal zinc-finger. While not affecting GATA-1 DNA binding, this mutant abrogates interaction with FOG-1 and fails to rescue differentiation of G1E cells (Crispino et al, 1999; Nichols et al, 2000) . We first determined that repression of the GATA-2 gene in G1E cells was absolutely dependent on GATA-1 being capable of interacting with FOG-1 ( Figure 6A ). We next tested by ChIP whether interaction of GATA-1 with FOG-1 binding at À2.8 kb was responsible for the recruitment of MeCP1 to this sequence and to the neighboring À3.4 kb sequence ( Figure 5A ). As control, we also tested the more distal À4.2 kb sequence, which did not show binding for any of these factors ( Figure 5A ). In agreement with the MEL data, GATA-1, FOG-1 and Mi-2b were bound to the À2.8 kb and to the À3.4 kb sequence (for FOG-1 and Mi-2b) in differentiated GATA-1-ER cells (24 h after induction with estradiol), albeit at lower levels compared to MEL cells ( Figure 6B , left panels). By contrast, in the GATA-1(V205M)-ER expressing cells, GATA-1 was bound to the À2.8 kb sequence, but no binding of FOG-1 and Mi-2b to the À2.8 or À3.4 kb sequences was detected ( Figure 6B , right panels). We conclude that FOG-1 and the MeCP1 complex are specifically recruited by GATA-1 to the GATA-2 locus and are responsible for GATA-2 repression in terminal erythroid differentiation.
Discussion
We describe here the characterization of GATA-1 complexes from erythroid cells by in vivo biotinylation tagging and purification by streptavidin beads. This work has led to a number of important findings. First, we identified novel GATA-1 partners, including the essential hematopoietic factor Gfi-1b and the chromatin remodeling and modification complexes MeCP1 and ACF/WCRF, in addition to the known GATA-1 interacting factors FOG-1, TAL-1 and Ldb1. Second, we showed that GATA-1 forms several distinct complexes with FOG-1, FOG-1 and MeCP1, TAL-1/Ldb1, Gfi-1b and the ACF/WCRF complex. Third, we found that the most abundant of the GATA-1 complexes are those with FOG-1 and with FOG-1 and MeCP1, with FOG-1 serving as the bridging factor between GATA-1 and the MeCP1 complex. Fourth, we showed that the distinct interactions of GATA-1 with its protein partners are differentially mediated through the two GATA-1 zinc-finger domains. Fifth, we show that the known GATA-1-and FOG-1-mediated repression is due to the recruitment of the MeCP1 complex to the repressed gene(s). Sixth, we present evidence for the in vivo binding of the repressive GATA-1/FOG-1/MeCP1 complex to silenced hematopoietic genes in erythroid cells and of the activating GATA-1/TAL-1 complex to erythroid-specific genes. Significantly, we also showed binding of the GATA-1/Gfi-1b complex to genes associated with cell proliferation functions, which become repressed with erythroid differentiation. Finally, our work demonstrates the utility of biotinylation tagging as an efficient approach for the rapid isolation and identification by mass spectrometry of multiple protein complexes.
Biotinylation tagging and protein complex purification
From our previous work (de Boer et al, 2003) and the work described here, we show that background using biotinylation Table 1 ). We have validated a number of the remaining proteins as being true GATA-1 partners, some of which represent low abundance or weaker GATA-1 interactions, for example, with TAL-1/Ldb1, Gfi-1b and ACF/WCRF. Importantly, purification required a single capture step.
We cannot be certain that we identified all GATA-1 complexes in differentiated MEL cells. Indeed, some of the sizefractionation profiles (Supplementary Figure 1) suggest that there may be additional protein partners that were not identified perhaps due to their very low abundance or instability. This may be the case for the multimeric GATA-1/ TAL-1/Ldb1/E2A/LMO2 complex. Several lines of evidence have suggested the presence of this complex in erythroid cells binding to distinct E-box and GATA motifs spatially arranged 9-12 nucleotides apart (reviewed by Lecuyer and Hoang, 2004) . Many erythroid genes identified to date contain such motifs, including GATA-1 itself, EKLF, glycophorin A and 4.2 protein . Evidence for the multimeric GATA-1/TAL-1 complex binding to erythroid genes in vivo, such as a globin and glycophorin A, has been provided recently by ChIP assays (Anguita et al, 2004; Lahlil et al, 2004) . Nevertheless, we did not find any copurification of E2A or LMO2 with GATA-1 from induced MEL cells. The complementary isolation by biotinylation tagging of protein partners, such as TAL-1, will be informative in that respect and may also reveal additional protein partners. Figure 5 Binding of GATA-1 repressive and activating complexes to target genes by ChIP assays in induced MEL cells. Binding patterns of GATA-1, FOG-1, Mbd2, TAL-1 and Gfi-1b to the À2.8 kb element of the GATA-2 locus (A), the MBP promoter in eosinophils (B) and in MEL cells (C), the myb (D) and myc (E) promoters and at the EKLF upstream enhancer (F). Relative enrichment has been normalized to input and corrected for background binding of species-and isotype-matched immunoglobulins. Antibodies: GATA-1, N6 (Santa Cruz); FOG-1 as in Tsang et al (1997) ; Mbd2 S923 (Ng et al, 1999) ; TAL-1 as in Porcher et al (1996) ; Gfi-1b, D19 (Santa Cruz).
Novel GATA-1 protein partners
We describe here, for the first time, an interaction of GATA-1 with the essential hematopoietic transcription factor Gfi-1b. This factor contains six C-terminal C 2 H 2 zinc-fingers, which bind a defined DNA consensus sequence, and an N-terminal SNAG domain associated with repression (Duan and Horwitz, 2003; Doan et al, 2004) . The Gfi-1b knockout is remarkably similar to that of GATA-1, that is, it shows embryonic lethality at E15 due to the developmental arrest of erythroid and megakaryocytic differentiation in the fetal liver (Saleque et al, 2002) . Our data that GATA-1 and Gfi-1b (but not FOG-1 or MeCP1) are bound to the myb and to the myc promoters provide a basis for the similarities in the two The V205M GATA-1 mutation fails to repress GATA-2. GATA-2 mRNA was measured by real-time PCR in G1E GATA-1-ER and G1E GATA-1(V205M)-ER cells before (0 h) and after 24 h of estradiol induction. Expression at 0 h was normalized against GAPDH expression and set as 1. (B) ChIP to show binding of GATA-1, Mi-2b and FOG-1 in G1E GATA-1-ER (left panels) and in G1E GATA-1(V205M)-ER (right panels) at time 0 and 24 h of estradiol induction. Relative enrichment has been normalized to input and corrected for background binding of species-and isotype-matched immunoglobulins. Data represent mean of two independent IPs and three PCRs with duplicate samples. Antibodies used were as in the legend of Figure 5 , except Mi-2b antibody (Fujita et al, 2003) . (Pevny et al, 1995; Saleque et al, 2002) . These data may also be related to the proliferation defects observed in GATA-1-overexpressing mice (Whyatt et al, 2000) . It is important to note that although there are also similarities between the FOG-1 and Gfi-1b knockout phenotypes, we did not find FOG-1 and Gfi-1b to interact directly in induced MEL cells (Figure 2) . Possibly, the two factors regulate common gene targets through distinct complexes and binding sites. Alternatively, the functions of GATA-1 with FOG-1 or Gfi-1b could be separate, for example, differentiation (FOG-1) versus proliferation arrest (Gfi-1b), with each function being essential for erythropoiesis.
We also describe, for the first time, interactions of GATA-1 with the MeCP1 and ACF/WCRF complexes, linking GATA-1 to repressive functions (with MeCP1) and chromatin structure. Previous evidence linking GATA-1 to chromatin structure involved interactions with the HATs CBP and p300 (Blobel et al, 1998) and in vitro experiments where GATA-1 cooperated with the SWI/SNF remodeling complex in transcriptional activation (Kadam and Emerson, 2003) . However, we did not observe these interactions in our GATA-1 purification from induced MEL cells or in immunoprecipitations (data not shown).
Our observations on the interactions of GATA-1 (and FOG-1) with the MeCP1 complex add to previous reports linking MeCP1 (and the closely related NuRD complex) to transcription factors in hematopoiesis (Kim et al, 1999; O'Neill et al, 2000; Hutchins et al, 2002) . The conditional knockout of Mi-2b in thymocytes revealed a requirement in different stages of T-cell maturation (Williams et al, 2004) . In addition, the characterization of the MTA3 member of NuRD in B lymphocytes showed an interaction with BCL-6, a key repressor of the mature plasma cell transcription program (Fujita et al, 2004) . It was thus suggested that MTA3 and the NuRD complex play a role in the maintenance of a population of less-differentiated 'poised' B lymphocytes (Fujita et al, 2004) . In contrast to these data, our data in erythroid cells suggest that the MeCP1 complex works with tissue-specific transcription factors to effect terminal differentiation by shutting down transcription programs associated with early multipotential ('poised') states.
GATA-1 and FOG-1 interactions
Considerable evidence has linked GATA-1 functions to FOG-1 (reviewed by Blobel and Weiss, 2001; Cantor and Orkin, 2002) . A single amino-acid change in the N-terminal zincfinger of GATA-1, which abolishes interaction with FOG-1 (Crispino et al, 1999) , resulted in lethality in mice due to severe anemia (Chang et al, 2002) and is associated with dyserythropoietic anemia in patients (Nichols et al, 2000) . Our work suggests that the overlapping functions of GATA-1 and FOG-1 in erythropoiesis occur in the context of two distinct complexes, a GATA-1/FOG-1/MeCP1 complex and a GATA-1/FOG-1 complex. Clearly, the association of GATA-1 and FOG-1 with the MeCP1 complex provides the molecular basis for the well-documented repressive properties of GATA-1 and FOG-1 interactions (Crispino et al, 1999; Fox et al, 1999; Letting et al, 2004; Pal et al, 2004) . Only the slower migrating isoform of FOG-1 (Figure 3 ) interacts with the GATA-1/MeCP1 complex, providing a potential mechanism for the selective formation of the GATA-1/FOG-1/MeCP1 complex.
We suggest that the separate GATA-1/FOG-1 complex without MeCP1 links GATA-1 with FOG-1 to transcriptional activation. For example, disruption of GATA-1 and FOG-1 interactions downregulates erythroid genes such as a and b globin, Band 3, DC11 and HD2 genes (Crispino et al, 1999; Letting et al, 2004) . ChIP assays have also shown GATA-1 and FOG-1 to be bound in vivo to active genes such as the a globin locus and the GATA-1 gene itself (Anguita et al, 2004 ; Pal et al, 2004) . Significantly, in the a globin locus, the GATA-1/FOG-1 complex occupies sites distinct from those occupied by the GATA-1/TAL-1/Ldb1 complex (Anguita et al, 2004) , in agreement with our findings of distinct GATA-1 complexes.
Our finding that FOG-1 bridges GATA-1 to the repressive MeCP1 complex partly explains the common features of the GATA-1 and FOG-1 knockouts and the phenotypes caused by the single amino-acid change in the N-terminal zinc-finger of GATA-1 in mice and patients. In the GATA-1 knockout, FOG-1/ MeCP1 cannot be tethered to target genes, whereas in the FOG-1 knockout, the interaction between GATA-1 and the MeCP1 complex cannot take place. In patients, the lack of interaction between GATA-1 and FOG-1 would also fail to tether the MeCP1 complex to some of their target genes.
GATA-1 complexes and erythropoiesis
An important aspect in hematopoietic development to a particular lineage is the suppression of alternative 'primed' lineage transcription programs and of genes that maintain multipotentiality, while upregulating genes associated with the differentiated cell type (Enver et al, 1998; Orkin, 2000) . In addition, erythroid terminal differentiation is accompanied by cell cycle arrest. GATA-1 has been implicated in the regulation of most of these aspects (Blobel and Weiss, 2001) . In fact, a recent microarray analysis of GATA-1-dependent erythroid terminal maturation revealed an early wave of repression of genes like GATA-2, myc and myb, followed by the upregulation of erythroid-specific genes (Welch et al, 2004) . Here, we identified two GATA-1 repressive complexes acting on distinct sets of genes. Thus, we suggest that the GATA-1/Gfi-1b complex acts early and suppresses genes involved in cell proliferation, for example, myc and myb, while the GATA-1/FOG-1/MeCP1 complex also acts early to suppress genes required to maintain the 'primed' multipotential state, for example, GATA-2 and alternative hematopoietic lineage genes, for example, MBP (Figure 7 ). In contrast, the GATA-1/FOG-1 and the GATA-1/TAL-1/Ldb1 complexes would play a major role in the later upregulation of erythroid genes (Figure 7) . The role of the GATA-1/ACF/ WCRF complex remains to be established. Thus, GATA-1 provides specific early versus late differentiation functions in the context of distinct complexes (Figure 7) . The model of different GATA-1 complexes executing specific tasks in different stages of erythroid differentiation suggests a dynamic aspect in the GATA-1 complex interactions during differentiation and also raises the prospect of dissecting the contribution of distinct GATA-1 interactions in erythropoiesis (i.e. essential versus dispensable) by selectively manipulating a specific GATA-1 complex at a time.
Materials and methods
Constructs, nuclear extract preparation, streptavidin binding, mass spectrometry and immunoblot analysis Tagged constructs and procedures involving MEL cells, biotinylated proteins and mass spectrometry were previously described (de Boer et al, 2003) . The GATA-1 zinc-finger deletions have been described (Whyatt et al, 1993) . G1E cells and induction were described (Tsang et al, 1997; Weiss et al, 1997) .
Superose 6 gel filtration
Size fractionation of protein complexes was carried out on an AKTA FPLC apparatus with a Superose 6 10/30 column (Amersham Biosciences, Piscataway, NJ). Fractions were precipitated with 100% trichloroacetic acid and analyzed by Western immunoblotting, as described (de Boer et al, 2003) . Molecular size standards were thyroglobulin (670 kDa) and albumin (66 kDa) (Amersham Biosciences, Piscataway, NJ).
Immunoprecipitations
Nuclear extracts were precleared at 41C using Protein G Sepharose beads and affinity-purified IgG (rat (Santa Cruz, CA, sc-2026), rabbit (Santa Cruz, sc-2027), goat (Santa Cruz, sc-2028)) in HENG150 buffer. GATA-1 and TAL-1 antibodies were crosslinked to beads using dimethyl pimelimidate. Immunoprecipitations were performed in HENG150/0.3% NP-40 buffer overnight at 41C using protein-G Sepharose beads. Washes were carried out at room temperature in HENG250/0.3% NP-40 buffer. Bound material was eluted by boiling in 1 Â Laemmli buffer.
HeLa transient transfection and transcription assays
GATA-1 and FOG-1 cDNAs cloned in pCDNA 3.1 (Invitrogen, Carlsbad, CA) were transiently transfected using 2 mg DNA and Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cells were harvested after 24 h and nuclear extracts were used for immunoprecipitations as above. pEGFP-N1 (Invitrogen, Carlsbad, CA) was included as transfection efficiency control. Transcription was assayed by real-time PCR with primers for exon 2 of the pOVEC reporter plasmid. ChIP assays were performed as below using GATA-1 and Mi-2b antibodies. The endogenous human GAPDH gene was used as control.
ChIP assays Preparation of crosslinked chromatin (2 Â10
7 induced MEL cells treated with 0.4% formaldehyde for 10 min at room temperature), sonication to 300-800 bp fragments and immunoprecipitations were as described in the Upstate protocol (www.upstate.com). Anti-GATA-1 protein-DNA immunocomplexes were immunoprecipitated in an additional step with an AffiniPure rabbit anti-rat antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). Eosinophilic chromatin was prepared as previously described (Guyot et al, 2004) . At least two independent ChIP assays were carried out per experiment. Antibodies used were as follows: GATA-1, N6 (Santa Cruz); Mbd2, S923 sheep polyclonal (Ng et al, 1999) and rabbit polyclonal anti-Mbd2/3 antibody (Upstate 07-199); FOG-1 rabbit polyclonal (Tsang et al, 1997) ; TAL-1 rabbit polyclonal (Porcher et al, 1996) ; Gfi-1b D19 goat polyclonal (Santa Cruz sc-8559).
Real-time PCR
Quantitative real-time PCR (Opticon I, MJ Research) was performed using SYBR Green I. PCR primers were designed by Primer Express 2.0 (PE Applied Biosystems). The qPCR Core Kit (Eurogentec, Belgium) was used with 400 nM of each primer under the following cycling conditions: 951C for 10 min, 40 cycles of 30 s at 951C, 60 s at 601C and 15 s at 751C. Enrichment for a specific DNA sequence was calculated using the comparative C T method (Litt et al, 2001) . PCR primer sequences are provided in Supplementary data.
Antibodies
See Supplementary data.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
